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Chromatin regulation is driven by multicomponent
protein complexes, which form functional modules.
Deciphering the components of these modules and
their interactions is central to understanding the mo-
lecular pathways these proteins are regulating, their
functions, and their relation to both normal develop-
ment and disease. We describe the use of affinity
purifications of tagged human proteins coupled with
mass spectrometry to generate a protein-protein
interaction map encompassing known and predicted
chromatin-related proteins. On the basis of 1,394 suc-
cessful purifications of 293 proteins, we report a high-
confidence (85% precision) network involving 11,464
protein-protein interactions among 1,738 different hu-
manproteins, grouped into164oftenoverlappingpro-
tein complexes with a particular focus on the family of
JmjC-containing lysine demethylases, their partners,
and their roles in chromatin remodeling. We show
that RCCD1 is a partner of histone H3K36 demethy-
lase KDM8 and demonstrate that both are important
for cell-cycle-regulated transcriptional repression in
centromeric regions and accurate mitotic division.
INTRODUCTION
Chromatin structure and posttranslational modifications of his-
tones regulate gene expression through the establishment ofactive and repressed chromatin zones. As such, the assembly
and function of chromatin-related protein complexes are crucial
to the precise temporal, spatial, and cell-state-specific regu-
lation of gene expression. By controlling the accessibility of
particular genomic regions to sequence-specific DNA-binding
transcription factors, the general transcription machinery, and
DNA repair enzymes, chromatin remodelling complexes regulate
many cellular processes, including transcription, replication,
chromosome segregation, and chromosome stability. Aberrant
formation or function of chromatin-related complexes can
result in large-scale defects in epigenomic patterning, deregula-
tion of gene expression, and subsequent cell death or tumori-
genesis. Indeed, genetic perturbations, such as mutations,
translocations, or deletions of chromatin-related proteins, are
often observed in various human congenital disorders and/or
oncogenesis.
Even though chromatin remodelers are important factors in
human health and disease, to date there has been limited
systematic effort to assign functional roles to chromatin-related
proteins as a group. These enzymes are difficult to study,
because they are often redundant, their association with DNA
is transient, and expression of recombinant protein often results
in loss of enzymatic activity. In addition, investigative tools for
these proteins, such as specific and sensitive antibodies and
small-molecule inhibitors, remain scarce. Consequently, many
chromatin remodelers do not have defined molecular function.
Affinity purification and mass spectrometry (AP-MS) using
epitope-tagged proteins as ‘‘bait’’ is one of the most accurate
high-throughput methods for detecting protein-protein interac-
tions and has been used on a large scale to characterize the
composition of protein complexes in yeast, worms, and fliesCell Reports 8, 297–310, July 10, 2014 ª2014 The Authors 297
(Babu et al., 2012; Collins et al., 2007; Gavin et al., 2006; Guru-
harsha et al., 2011; Krogan et al., 2006). These studies not only
greatly enhance our knowledge of the molecular networks
underlying conserved cellular processes but also allow the
assignment of putative molecular roles to previously uncharac-
terized components. In mammalian contexts, analogous sys-
tematic AP-MS investigations have been performed for specific
enzyme families, such as protein phosphatases, mitotic
complexes, and deubiquitinating enzymes (Goudreault et al.,
2009; Hegemann et al., 2011; Sowa et al., 2009). However, a
genome-scale evaluation of the composition of human-chro-
matin-related protein complexes has as yet not been reported.
The largest human interaction network that included chro-
matin-related proteins was described recently, where primary
antibodies were used to isolate endogenous protein complexes
(Malovannaya et al., 2011). Although this approach yieldedmany
previously unreported interactions, bait selection was con-
strained by the limited availability and specificity of antibodies.
As a result, important chromatin-related proteins were underrep-
resented in the derived network and some interactions were of
lower confidence, illustrating the need for a more-focused study
of the chromatin-related protein interactome. Very recently, a
protein interaction network for all 11 known human histone
deacetylases was described using AP-MS, representing a com-
plete and high-quality network for a specific family of chromatin
remodelers (Joshi et al., 2013).
We expand on this analysis by employing a lentivirus/cell-cul-
ture-based proteomics approach to systematically tag, purify,
and identify known and predicted chromatin-related proteins
in human cells. Consequently, we created a more-compre-
hensive, yet higher-quality, human-chromatin-related protein-
protein interaction network than those reported previously. Our
approach offers several advantages over other AP-MS-based
studies, such as use of standard capture reagents to minimize
experimental variations, two-step affinity purifications to mini-
mize spurious interactions without obvious loss of sensitivity,
and slight overexpression of epitope-tagged proteins to allow
identification of baits expressed endogenously at low levels.
We used this platform to identify components of both well-esta-
blished, chromatin-related protein complexes and previously
unreported complexes.
We especially focused on documenting the physical interac-
tomes of histone demethylases. Histone methylation is probably
the most complex of all the histone modification ‘‘codes,’’ as
many histone lysine and arginine residues can be methylated
and demethylated to different extents. Lysine demethylation is
carried out by two distinct families of histone demethylases
(KDMs): KDM1 and KDM2 are flavin-adenine-dinucleotide-
dependent amine oxidases able to remove mono- and dimethy-
lated lysine modifications, whereas JmjC-containing proteins
require Fe(II) and alpha-ketoglutarate for activity and can remove
all three (mono/di/tri) lysine methylation states. Both classes are
conserved from yeast to humans and have been classified on
the basis of phylogenetic relatedness and the presence of
characteristic conserved domains (Black et al., 2012; Hou and
Yu, 2010).
Currently, there are 32 members of the KDM family with a
potential JmjC-cupin-like domain, but not all have been shown298 Cell Reports 8, 297–310, July 10, 2014 ª2014 The Authorsto possess histone demethylase activity. Whereas the biological
functions of many KDMs are poorly understood, important roles
for histone demethylation have been demonstrated in many
chromatin-related processes (Kooistra and Helin, 2012). We
reasoned that mapping protein-protein interactions for incom-
pletely characterized KDMs would provide insights into their
biological functions and possible connections to human disease.
As an illustration of the power of our approach, we followed up
on the cellular role of a physical interaction discovered here
between KDM8 and RCCD1. We show that KDM8 and RCCD1
are required for the appropriate silencing of alpha satellite repeat
transcripts and the maintenance of chromosomal stability and
fidelity during cell division. Our findings may explain the reported
overexpression of KDM8 in tumors (Hsia et al., 2010).
RESULTS
Affinity Purification and Mass Spectrometry
We applied a lentiviral-based AP-MS approach to 443
sequence-verified open reading frames (ORFs) of known chro-
matin-related genes, homologs of known chromatin-modifying
genes in model organisms (On et al., 2010), and proteins with
domain architectures suggestive of a chromatin-related function
(Pu et al., 2010). Some members of the transcription and DNA
repair machineries were also included, as they influence
chromatin modifications (Table S1 available online). To acquire
the largest spectrum of protein interactions, we preferentially
selected the longest isoform of a reported gene product (95%
of all ORFs). In pilot experiments, placement of the dual affinity
tag at either N or C terminus did not generally affect protein
expression or complex composition; only in 10% of the cases
did the tag at one end perform better than the alternative. Fusion
protein expression was driven by the constitutive cytomegalo-
virus promoter, as described previously (Mak et al., 2010), but
with few exceptions, we observed only modest overexpression
levels, up to three times that of native endogenous levels (Fig-
ure S1A). Such modest overexpression may facilitate the detec-
tion of weaker interactions. The overall progress and efficiency
of the pipeline is shown in Table S1 and Figure 1A.
Generation of a High-Confidence Chromatin-Related
Network
Proteins identified in AP-MS experiments reflect both biologi-
cally relevant, direct or indirect interactors and potential contam-
inants. To control for nonspecific interactions, we derived
reliability scores for individual interactions followed by perfor-
mance benchmarking against a reference data set. To ensure
optimal results, we compared six previously reported AP-MS
scoring methods: Comparative Proteomic Analysis Software
Suite (Sowa et al., 2009); significant analysis of interactome
(Choi et al., 2011); purification enrichment (Collins et al., 2007);
hypergeometric spectral counts score (HGSCore; Guruharsha
et al., 2011); dice coefficient (Zhang et al., 2008); and the Hart
score (Hart et al., 2007). When these methods were applied to
our chromatin modification (CM) protein-protein interaction
(PPI) data set, we found that modified (extended methods)
HGSCore (iHGSCore) outperformed all other methods, in terms
of true:false positive ratio, when tested against a reference set
Figure 1. Overview of the Pipeline and Computational Validation of the CM Network
(A) Pipeline progress and efficiency.
(B) GO semantic similarity scores for positive and negative reference sets from this study and other published protein-protein interactions studies. BP, biological
process; CC, cellular localization; MF, molecular function.
(C) Comparison of the interaction neighborhoods of the 293 interacting CM baits from three sources: our CM network; the literature-curated BioGRID resource;
and the high-confidence iRefWeb set. The Venn diagrams show overlaps in the numbers of interactions among the three networks. Only ‘‘first neighbors’’ of any of
the 293 CM baits are included in each network, and are denoted as ‘‘preys.’’
(D) Overlap between the CM network and the published coregulator network (Malovannaya et al., 2011) in terms of baits and pairwise interactions.derived from the iRefWeb database (Figure S1B). The iHG-
SCore-derived CM network was thresholded at 11 to achieve
an overall precision of 85% and contains 11,464 binary interac-
tions among 1,738 human proteins (293 of the initial baits; Fig-
ure S1C). Only 14% of these interactions are shared with the
reference set, indicating that 86% of the interactions in our
network are potentially new. The specified precision level implies
that 85% of these interactions are genuine (true positive).
Some of the interactions designated as high confidence by theiHGSCore were considered to be false positive according to
the iRefWeb comparison. A closer look indicated that these
interactions were mostly genuine, reported in very recent publi-
cations, not yet curated, or were not reported but subsequently
validated by reciprocal tagging in our pipeline. Therefore, the
precision of our CM data set is significantly higher than indicated
by the benchmarking against a small reference set. One con-
founding possibility might be that the overexpression system
used here often simply increases the expression levels of preysCell Reports 8, 297–310, July 10, 2014 ª2014 The Authors 299
that are otherwise detected at lower levels as contaminants that
bind to the purification matrix. However, of the 1,498 preys
(excluding baits) in the high-confidence network, only 150 (or
10%) were also detected as background binders to the matrices
used. In those cases, their median abundance was three to four
times higher when they were deemed specific interactors than
when they were present in the control runs.
Computational Validation of the High-Confidence
Chromatin-Related Network
To quantitatively assess network quality, we evaluated the per-
formance of the iHGSCore using a receiver-operating-character-
istic-like curve on a reference set of ‘‘positive’’ and ‘‘negative’’
interactions and compared the performance with that of the
recent data set obtained using protein-specific antibodies, i.e.,
the coregulator data set (Malovannaya et al., 2011). The positive
reference set consisted of 19,342 high-confidence PPIs from
iRefWeb that satisfy the following requirements for each interac-
tion: (1) it is reported by at least three publications and conserved
in at least one nonhuman organism and (2) it has an MINT-
inspired confidence score R0.431, which corresponds to one
full unit of supporting evidence for the pairwise interactions.
The positive set did not contain interactions from the Malovan-
naya study (Malovannaya et al., 2011). The negative set con-
tained randomly selected protein pairs and was devoid of any
interactions archived in the iRefWeb database. On reference
sets comprising bait-prey and prey-prey interactions or only
bait-prey interactions, our CM network resembles that of the
coregulator data set (Figure S1D; bait-prey reference sets are
shown). The chromatin-related proteins analyzed in our study
are of higher-than-average abundance, whereas the proteins
analyzed in the coregulator data set are of average abundance
(Figure S1E). Because there is only a small overlap of shared
interactions between the gold standard and the two data sets
and those interactions involve mostly highly abundant proteins,
the close resemblance of the curves means that the networks
are doing equally well in detecting interactions of highly abun-
dant proteins but does not, unfortunately, address the overall
relative qualities of the two networks.
To better assess the relative functional coherence for interact-
ing pairs, average Gene Ontology (GO) semantic similarity
scores (Schlicker et al., 2006) were computed for all interacting
pairs in each of several networks: our high-confidence CM
network; the coregulator network (thresholded at similar preci-
sion); a human cofractionation network (Havugimana et al.,
2012); a set of PPIs derived from low-throughput studies
retrieved from iRefWeb; and a set of yeast two-hybrid (Y2H)
PPIs also retrieved from iRefWeb (all benchmarked against the
positive and negative reference sets defined above). The
average GO semantic similarity scores of our high-confidence
CM network is markedly higher than that of the iRefWeb low-
throughput, iRefWeb Y2H, and coregulator networks and is
slightly higher than that of the cofractionation network in all three
GO categories (Figure 1B). BecauseGO semantic similarity mea-
sures are often not very sensitive, with different networks dis-
playing only small differences, the relatively large difference
between the CM and coregulator networks (0.2) is highly signif-
icant (p < 2.2 3 1016; for all GO categories, Welch’s t test).300 Cell Reports 8, 297–310, July 10, 2014 ª2014 The AuthorsMoreover, the GO annotations agreement between interacting
pairs in the CM network is very high and approaches that of
the gold standard. This is a good indication that the CM network
comprises a high fraction of functionally meaningful interactions.
To compare our CM network to known interactions curated
from the literature, we generated Venn diagrams showing the
degree of overlap of the high-confidence CM network with the
high-confidence iRefWeb reference set and the BioGRID data-
base (version 3.2.105; Figure 1C). For the purpose of this com-
parison, physical interactions for each of the partner proteins
found for the 293 interacting CM baits—denoted here as
‘‘preys’’—were also considered. Whereas there was substantial
overlap between our CM network and existing PPI collections,
our experiments revealed a large number of interacting CM pro-
tein pairs not yet annotated in public resources. At the same
time, literature-curated PPI collections list many additional inter-
acting pairs that we did not confirm. The previously reported
interactions that we did not detect here might have been missed
due to the design of our study, may be specific to cell types
other than the human embryonic kidney 293 (HEK293) cells
used here, or could be false-positive interactions present in the
iRefWeb and BioGRID databases, which archive interactions
of different reliability levels characterized by a wide range of
experimental approaches.
Because the coregulator (coimmunoprecipitation [CoIP])
network (Malovannaya et al., 2011) contains chromatin-modi-
fying complexes, we also directly compared the two networks
in terms of overlap. To compare the two networks, we generated
an iHGSCore for the coregulator network using the raw spectral
counts from that study. We found that only 22% of the baits and
16%of all pairwise interactions in the CM network were also pre-
sent in theMalovannaya et al. (2011) data set (Figure 1D). Overall,
the Jaccard index measuring the overlap between pairwise
interactions in the two networks was 0.0188, a very low value,
indicating that the CM network contains many interactions not
detected in the CoIP network. As illustrations, we also focused
on the ARID1A complex, as it has been well described in the
literature, and the more recently identified RNAPII-RPRD’s com-
plex (Ni et al., 2011). Both proteins and other members of their
respective complexes were used as baits (or antigens) in both
networks. We found that the CM-derived complexes had more
edges than the coregulator-derived ones, indicative of higher-
confidence data in the former (Figure S2A). Both networks con-
tainedmost of the identified components of the ARID1A complex
but varied in the composition of the RPRD1A complex. The cor-
egulator network detected an interaction between the RPRD1A
and RPRD1B proteins, but RPRD2 and the RNAPII subunits,
two other closely interacting partners previously published and
detected in our analysis, were absent. Instead, many spurious
interactions were depicted. This discrepancy is not due simply
to the use of the iHGSCore for the analysis of the coregulator
complexes, as applying our scoring and clustering method to
the coregulator data produces complexes very similar to those
reported (Malovannaya et al., 2011). Rather, this likely stems
from different methods used to generate the data. Two-step
purifications decrease the number of nonspecific binders while
preserving specific ones (Table S2). On the other hand, the
use of primary antibodies often leads to large numbers of
false-positive interactions due to multiple antibody types, the
use of multiple capture reagents, variable antibody quality, and
large numbers of nonspecific interactors, a problem that can
be partially circumvented by bioinformatic filteringmethods (Ma-
lovannaya et al., 2010). Of the 1,796 antibodies used by Malo-
vannaya et al. (2011), 30% did not recognize their intended anti-
gens and many more bound other proteins with affinities greater
than those for their intended targets. Thus, consistent use of
standardized capture reagents against mildly overexpressed
tagged proteins and the use of stringent bioinformatic analysis
could produce a more-stringent, higher-quality network.
Previously Unknown and Expanded CM Complexes
To identify complexes, the Markov clustering algorithm (MCL)
(van Dongen and Abreu-Goodger, 2012) was applied to the
high-confidence CM network, followed by postprocessing
(Pu et al., 2007), leading to the identification of 164 partially over-
lapping CM complexes (Figure 2A). Many CM-derived com-
plexes cluster into distinct modules, whereas others form larger
groups of overlapping clusters, connected by shared subunits,
presumably indicating multiple roles.
From the CM network, we identified all or most components of
known chromatin-related complexes reported in iRefWeb,
expanding the composition of 122 known CM complexes while
identifying 36 complexes not present in current databases and
six previously reported complexes where we have not managed
to add additional members. To visualize previously reported and
potentially new subunits and complexes identified in this work,
the 164CMcomplexesweredisplayedwithGenePro (FigureS2B;
Vlasblom et al., 2006); the global relationships of the expanded
and potentially new CM complexes are clearly apparent. As the
baits used for network generation are often closely related, both
phylogenetically and functionally, our cluster analysis tends to
produce large complexes that may incorporate several smaller
subcomplexes or interactions potentially representing intercom-
plexcrosstalk.Thesecanbe resolvedby2Dhierarchical clustering
of all the nonthresholded iHGSCore interactions. Here, groupings
are formedalong themain diagonal, supporting the notion that the
CMnetwork harbors discrete, yet highly connected,modules (Fig-
ure 2B). These groupings are independent of each other, but func-
tionally related proteins tend to be grouped closer together. For
example, the ARID1A complex is placed close to the ARP2/
ARP3 complex, and it is evident that ARPC2, ARPC4, and ACTR3
are shared components of both complexes. Similarly, the SIN3A
and SIN3B chromatin-modifying complexes were clustered by
MCL into one large assembly but now appear as distinct but
related complexes, despite multiple shared subunits (Figure 2B).
Interaction Network for the JmjC Family of Histone
Lysine Demethylases
We used the iHGSCore-based CM data set to generate a sub-
network containing only the first neighbors of the KDMs and
histone methyltransferases (KMTs). Of the 32 KDMs with the
JmjC/Cupin domain, 25 are included in the CM network (Table
S3). KDM1A, a KDM1 family member, is also present in the CM
network, as a prey. We included histone methyltransferases
in the network, as they have roles opposing that of KDMs and
are often found within the same or closely related complexes.Overall, 26 of 32 KDMs and 41 of 59 KMTs are present in the
network, which allowed us to identify and expand well-charac-
terized complexes and discover additional putative complexes
(Figure 3A). We recapitulated the composition of the KDM5A
and KDM6A complexes, identified and verified potential interac-
tors of WDR5 (BOD1L and ZZZ3), showed that KDM2B clusters
copurify with CBX3, and found that KDM1A interacts with both
SFMBT1 and SFMBT2. More importantly, we identified 36 com-
plexes, of which at least seven are potentially new histone-
demethylase-containing complexes. For example, HSPBAP1,
a JmjC-domain-containing protein of unknown function, was
found in a complex with SDE2, also of unknown function (Figures
3A and 3B). Both proteins interact with HOXA5, a transcription
factor, and thus are possible transcriptional regulators.
KDM8 and RCCD1 Complex
Of the histone demethylases complexes identified here, we
focused on KDM8-RCCD1 complex. KDM8 possesses a C-ter-
minal histone demethylase domain but lacks any recognizable
histone-binding domains. KDM8 was previously shown to influ-
ence H3K36me2 demethylation in vivo and to be required for
cell cycle progression through transcriptional regulation of cell
cycle genes (Hsia et al., 2010; Ishimura et al., 2012). RCCD1 is
an uncharacterized member of the large, phylogenetically
conserved, RCC1-like-domain-containing protein family (Fig-
ure S3). The first described member, RCC1, is able to associate
with histones and DNA (Clarke and Zhang, 2008).
KDM8 with an epitope tag at either the N- or C-terminal coim-
munoprecipitated RCCD1, whereas RCCD1 only coimmunopre-
cipitated KDM8whenC-terminally tagged, suggesting that a free
N-terminal on RCCD1 is required for its binding to KDM8. The
KDM8-RCCD1 interaction is likely mediated through the N-ter-
minal regions of both proteins, as N-terminal truncations of either
RCCD1 or KDM8 failed to coimmunoprecipitate each other (Fig-
ure 4A). We confirmed this finding by immunoprecipitating
KDM8 with a synthetic antibody (fragment antigen binding
[Fab]) from a cell line containing tagged full-length KDM8,
KDM8 (111–416), full-length RCCD1, and RCCD1 (170–376).
Whereas anti-KDM8 was able to coimmunoprecipitate tagged
full-length RCCD1, it did not coimmunoprecipitate RCCD1
(170–376), indicating that the N-terminal truncation of RCCD1
is not able to interact with KDM8 (Figure 4B).
RCCD1 Stimulates KDM8 Demethylase Activity
Recombinant full-length KDM8 does not possess demethylase
activity in vitro, because the N-terminal region of KDM8 is auto-
inhibitory, leading to a cofactor requirement for enzymatic
activity (Hsia et al., 2010). We hypothesized that RCCD1 might
be that cofactor. To test this, we examined the demethylase
activity of KDM8 on histone peptide substrates in vitro, in the
presence or absence of RCCD1.We purifiedC-terminally tagged
KDM8 and RCCD1, as well as N-terminally truncated peptides
of each, from HEK293 cell lines. Based on liquid chromatog-
raphy/MS analysis, we obtained heterodimeric KDM8/RCCD1
complexes when full-length tagged proteins were purified but
only the bait when truncated proteins were used. In accordance
with the previous report (Hsia et al., 2010), truncated KDM8
exhibited robust demethylase activity in vitro on both substrates,Cell Reports 8, 297–310, July 10, 2014 ª2014 The Authors 301
(legend on next page)
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as did full-length KDM8when copurifiedwith RCCD1 (Figure 4C).
Conversely, RCCD1 showed demethylase activity only when
the full-length, but not the truncated, version was purified, as
only the full-length form copurified with KDM8. These results
indicate that RCCD1 is required for the enzymatic activity of
native KDM8.
Knockdown of KDM8 or RCCD1 Leads to Spindle
Organization Defects
In order to elucidate the cellular roles of the KDM8/RCCD1 com-
plex, we generated cell lines downregulating KDM8, RCCD1, or
both by either stably expressing small RNA hairpins or transiently
transfecting with small interfering RNA (siRNA). We observed no
global changes in the levels of the H3K36me2 mark or other his-
tonemarks in these lines (Figures S4A and S4B). Because RCC1,
the closest homolog of RCCD1, has a role in mitosis and DNA
replication (Dasso et al., 1992), we investigated the mitotic phe-
notypes of cells with downregulated KDM8 or RCCD1. Strikingly,
knockdowns of either protein resulted in statistically significant
increases in the number of cells with multipolar spindles (tri-,
tetra-, and multipolar) when compared with control cells or cells
transfected with scrambled siRNA (Figure 5A). The multipolar
spindles occasionally had fragmented centrosomes at one or
multiple poles (Figures 5Bb–5Be). In addition, knockdown of
either protein sometimes led to the formation of DNA rosettes
(i.e., cells with more than diploid DNA content and multiple cen-
trosomes; Figures 5Bf–5Bi). Some of these rosettes contained
nuclei at different cell cycle stages (e.g., condensed chromo-
somes with multiple centrosomes and decondensed nuclei; Fig-
ures 5Bj and 5Bk). Detailed examination of these mitotic species
at various stages of formation suggests that DNA rosettes arise
from multipolar spindles that, at some point, cease to divide
and decondense their chromosomes while maintaining multiple
centrosomes and asters (m). In a later stage, the asters disorga-
nize, leading to the formation of a rosette-like structure with an
interphase microtubule cytoskeleton organized in a radial
rosette-like distribution with multiple centrosomes and multiple
decondensed DNA masses. Finally, all centrosomes coalesce
into a single, central one.
The majority of cells with multipolar spindles did not divide,
but in some cases, we observed cell division checkpoint circum-
vention, where multiple centrosomes clustered at two opposite
poles and aligned in a parallel line, forming a bipolar spindle
with multiple centrosomes (Figure 5Bm). This centrosomal
clustering enables the attachment of chromosomes to a
functional spindle that can proceed through cell division,
although most often this is an unbalanced division leading to
chromosome instability (Silkworth et al., 2009). In 3% or 4%
of cases where multipolar spindles formed, a tripolar spindle
was able to enter anaphase (Figure 5Bn), circumventing the
anaphase onset checkpoint that monitors sister kinetochore
attachment to the spindle (Rieder et al., 1994). Some tetrapolarFigure 2. Clustering of the CM Network
(A) Clustering of the chromatin-related protein interaction network using the Mark
individual complexes are shown as inserts, asterisks indicating potentially new in
(B) Hierarchical clustering of all CM preys identified in this paper, illustrating distspindles were also able to enter anaphase by grouping two
centrosomes in a bipolar spindle, leaving two centrosomes
outside and detached from chromosomes (Figure 5Bo). A
few RCCD1-depleted cells were able to complete anaphase, re-
sulting in the formation of three nuclei separated by pseudo-
cleavage furrows, pinching a triple midbody remnant from the
disorganized spindle (Figure 5Bp). The increased occurrence
of polyploidy can also be observed by fluorescence-activated
cell sorting (FACS) analysis of cells downregulating KDM8 or
RCCD1 (Figure S4C). These results suggest that KDM8 and
RCCD1 function in the same pathway during mitotic spindle
formation, organization, and spindle checkpoint activation.
A schematic representation of the defects observed is presented
in Figure S4D.
The KDM8/RCCD1 Complex Regulates the Transcript
Levels and Histone H3K36 Methylation States of
Satellite Repeats
Ectopic transcription of satellite DNA can lead to centrosome de-
fects, multipolar spindles, centrosome fragmentation, and
genomic instability (Zhu et al., 2011). Because the H3K36me2
mark has been reported to be present at centromeres (Berg-
mann et al., 2011), we hypothesized that aberrant demethylation
of centromeric H3K36me2 in the absence of the KDM8/RCCD1
complex might affect the transcription of satellite repeats.
Whereas we did not observe significant changes in the transcript
levels of cell-cycle-regulated genes in cells depleted of KDM8 or
RCCD (data not shown), we did observe marked changes in the
transcript levels of satellite repeats, but not in those of other
repetitive elements, such as LINES (Figure 6Aa). Because tran-
scription of the satellite repeats is cell cycle dependent, we
looked at the transcript levels of KDM8 and RCCD1 during the
cell cycle. Synchronized cells were obtained by a double thymi-
dine block, followed by RNA isolation at different time points
after release (2 hr: S phase; 6 hr: G2 phase; 8 hr: M phase). Syn-
chronization efficiency was monitored by FACS and mitotic
index analysis (Figures S5A and S5B). We found that the tran-
script levels of the satellite repeats are inversely correlated
with the transcript levels of KDM8, whereas RCCD1 transcript
levels are rather constant throughout the cell cycle (Figure 6Ab).
During M phase, when the satellite repeat transcripts are at their
lowest levels, levels of KDM8 peak, indicating that KDM8 might
suppress the transcription of satellite repeats, presumably by
H3K36me2/H3K36me3 demethylation. Similarly, KDM8 protein
levels also increase in G2/M phase, with RCCD1 showing only
a slight increase. However, the KDM8/RCCD1 complex remains
similar throughout the cell cycle as the ratio of the two proteins in
the complex does not change (Figures S5C and S5D). When
KDM8 or RCCD1 was depleted by transfection with siRNA, the
levels of satellite repeat transcripts increased in a cell-cycle-spe-
cific manner, with the biggest change observed during M phase
(Figures 6Ac and 6Ad).ov clustering algorithm (van Dongen and Abreu-Goodger, 2012). Examples of
teractions.
inct, highly connected clusters.
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Figure 4. KDM8 Forms a Stable Complex
with RCCD1
(A) MS analysis of affinity-purified KDM8 and
RCCD1, both full-length and N-terminal trunca-
tions, with either N- or C-terminal tags. Each
column represents purification with the indicated
tagged bait; rows represent RCCD1 and KDM8
recovery, numbers being raw spectral counts.
(B) IP-WB using Fab generated against KDM8 to
immunoprecipitate KDM8, truncated KDM8,
RCCD1, and truncated RCCD1 from cell lysates
expressing tagged proteins. The WB was probed
with anti-M2 against the FLAG tag.
(C) Demethylase reactions using VAP-tagged full-
length or truncated proteins purified from HEK293
cells. Iron is required for the catalytic activity of
Jumonji domains, and omitting it serves as a
negative control. Western blot of the input protein
used in the experiment is shown on the side.Because no chromatin immunoprecipitation (ChIP)-validated
antibodies are available for KDM8 or RCCD1, we used cell
lines expressing FLAG-tagged KDM8 or RCCD1 for ChIP with
anti-FLAG in order to investigate the occupancy of centromeric
regions by KDM8 and RCCD1. Both proteins are enriched at
the centromeres of at least some chromosomes, where they co-
localize with the H3K9me3 mark (Figure 6B). The H3K36me3
mark is not prominent here, but it is present in the transcribed
regions of various protein-coding genes (Figure 6B). Further-
more, ChIP experiments in synchronized cells transfected with
siRNAs for KDM8 or RCCD1 show increased association of
the H3K36me2 and H3K36me3 marks with satellite repeats
during M phase (Figure 6C). Collectively, these results suggest
that the KDM8/RCCD1 complex is necessary for the demethyla-
tion of H3K36 and transcriptional silencing of the satellite repeats
during M phase.
DISCUSSION
The current study provides a comprehensive screen to investi-
gate interactors of chromatin modifiers in human cells. From
300 successfully purified baits, we have expanded the compo-Figure 3. Histone Demethylase and Histone Methyltransferase-Containing Protein Complexes
(A) Network map. Pink and green nodes represent KDMs and KMTs, respectively, whereas edge thickness i
the selected baits are shown. Inserts show details of representative complexes.
(B) Confirmation of MS-derived interactions by immunoprecipitation (IP)-western blot (WB). Immunoprecipita
blot) in HEK293 cells expressing VAP-tagged proteins was followed by detection with M2 antibody against
Cell Reports 8, 297–sitions of many known complexes and
identified many potentially new com-
plexes. The resulting chromatin-related
protein-protein interaction network is an
excellent tool for mapping the players,
their partners, and molecular pathways
regulating chromatin conformation and
chromatin-associated processes. More-
over, the functions of known or sus-
pected chromatin modifiers can be inves-tigated based on the complexes in which they appear. As well,
the materials used in network generation, especially the cell lines
expressing tagged chromatin-related proteins, can serve as an
important resource for the scientific community.
Clustering of the CM network using MCL has a tendency to
group related complexes into larger modules, providing an
opportunity to visualize all the possible components of a given
system and the interconnectivity and interdependence between
complexes. Similarly to the Drosophila LID/RPD3 complex (Lee
et al., 2009), human KDM5A interacts with HDAC2, but it does
not interact with ASF1, an interaction reported for Drosophila
LID (Moshkin et al., 2009). However, SIN3A/SIN3B complexes
are clustered with the CHAF1A and CHAF1B components of
the ASF1-containing H3.1 complex, with ASF1A and ASF1B
clustering in close proximity and sharing subunits with the
SIN3A/SIN3B complex. It is likely that, in human, the interaction
between the SIN3B/histone deacetylase complex and ASF/
NAP1 family members is indirect. PALB2, a DNA repair protein,
is also grouped within the KDM5A-SIN3B complex. It binds
directly to MRG15, a protein associated with both NUA4 and
SIN3B (Hayakawa et al., 2007; Jelinic et al., 2011; Malovannaya
et al., 2011). Because KDM5A appears to accumulate at the sitess proportional to iHGSCore. Only first neighbors of
tion with specific antibodies (along the top of each
the VAP tag.
310, July 10, 2014 ª2014 The Authors 305
Figure 5. Downregulation of KDM8 and/or RCCD1 Leads to Spindle Organization Defects
(A) The frequency of defects in spindle organization after siRNA-induced downregulation of KDM8 or RCCD1. The error bars represent SD (n = 3). Student’s t test
was used to determine significance (p% 0.05).
(B) Confocal microscopy images of HEK293 cells stained for a-tubulin (red), g-tubulin (green), and DNA (blue). (a–e) Cells treated with scrambled siRNA show
normal bipolar spindles at the onset of anaphase, whereas cells treated with siRNA against KDM8 or RCCD1 show multipolar spindles with fragmented cen-
trosomes (arrows). (f–i) Downregulation of KDM8 or RCCD1 leads to the formation of DNA rosette mitotic figures with multiple or single centrosomes. (j and k)
(legend continued on next page)
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of DNA damage (Seiler et al., 2011), its interaction with PALB2
and members of the NUA4 complex is not surprising, although
it probably represents an indirect interaction mediated by
MORF4L1. KDM6C (UTY) clusters with the MLL complex, and
we detected several interactions between KDM6A and MLL
components not only in HEK293 cells but also in mouse embry-
onic stem cells (ESCs) and mouse tissues. To date, no in vivo
or in vitro demethylase activity has been reported for KDM6C,
even though it is highly homologous to KDM6A and KDM6B
(Hong et al., 2007; Lan et al., 2007). It is possible that KDM6C
acts as a recruiting factor for a subset of MLL-related com-
ponents rather than a bona fide histone lysine demethylase.
Similarly, SFMBT2 clusters with the KDM1A: co-REST complex.
The interaction of KDM1A with SFMBT1, but not with SFMBT2,
was recently reported (Lin et al., 2013; Zhang et al., 2013).
SFMBT2 might interact with KDM1A through SFMBT1 and other
MBT domain-containing proteins.
Knowledge of complex connectivity can be used for the eluci-
dation of possible diseasemechanisms and genes, as neighbors
of disease genes are often disease genes themselves. Guilt by
association has been important for identifying disease-related
genes and drug targets. Our focus on a histone demethylase
complex, KDM8/RCCD1, which is present in several, if not
most, human cell lines and mouse ESCs, uncovered a potential
key player in chromosome stability and division fidelity and
could constitute a possible target for development of anticancer
therapeutics. Knockdown of RCCD1 or KDM8 leads to the
formation of multipolar spindles, DNA rosettes, and bypass of
the anaphase checkpoint. Cells containing spindles withmultiple
clustered centrosomes should undergo apoptosis but instead
undergo an unbalanced karyokinesis, leading to chromosome
instability. This phenotype likely results from deregulation of
the transcription of the satellite repeats. Abnormal cell division
and chromosome instability are hallmarks of cancer. Many
diseases share a common genetic origin (Midic et al., 2009),
and the CM network described here can expand previously
published disease-related networks, as it contains many previ-
ously unreported interactions.
EXPERIMENTAL PROCEDURES
Full experimental methods can be found in Supplemental Experimental
Procedures.
ORF Acquisition
The ORFs for this project came from several collections, including Life
Technologies, the Plasmid collection at Harvard, Open Biosystems, and
as a gift from Marc Vidal (Harvard University). Other ORFs were generated
from cDNA (MGC collection), total RNA, or obtained from individual
researchers.Formation of DNA rosettes after siRNA treatment. The arrows point to mitotic fig
DNA rosette mitotic figures in cells treated with siRNA against RCCD1: mitotic fig
figure with multiple centrosomes, asters, and uncondensed chromosomes;
DNA rosette with a single centrosome and uncondensed chromosomes. (m–p) S
form bipolar spindles despite the presence of multiple centrosomes and initiate
telophase (n); anaphase in a tetrapolar spindle in which only two centrosomes f
but are not attached to chromosomes (o); cytokinesis in a tripolar spindle cell a
represent 10 mm.Experimental System
The approach used in this paper was described previously (Mak et al., 2010).
In brief, Life Technologies Gateway system was used to introduce an affinity
purification tag to the N- or C-terminal end of proteins. The Gateway-com-
patible ORFs were recombined into the Gateway-compatible, lentivirus-
adaptable destination vector containing the triple tag VAP (33 FLAG-Streptac-
tin-63 HIS). Lentiviruses were generated from the correct clones and used for
infection of HEK293 cells. Cells were harvested in two batches, representing
two biological replicates.
Immunoprecipitation
Besides standard monoclonal and polyclonal antibodies, Fabs were used.
These are available from Life Technologies, and the full collection can be found
at http://www.thesgc.org/scientists/biological_probes.
iHGSCore Computation
HGSCore is a hypergeometric statistics-based method for scoring PPIs
derived from proteomic experiments (Guruharsha et al., 2011). We have
modified the iHGSCore, so that bait-prey associations contribute more than
prey-prey associations to the final score (iHGSCore). Computed HGSCore
is shown in Table S4, whereas the common contaminants removed from the
analysis are shown in Table S5.
ChIP Sequencing
Immunoprecipitation was performed on cell lines expressing FLAG-tagged
KDM8 or RCCD1 with anti-FLAG. The input peaks were then subtracted
from the peak data, and the results were visualized with the University of
California Santa Cruz Genome Browser.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and six tables and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2014.05.050.
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